Thiamine is an essential vitamin that functions as a cofactor for key enzymes in carbon and energy 17 metabolism for all living cells. While most plants, fungi and bacteria can synthesize thiamine de 18 novo, the oleaginous yeast, Yarrowia lipolytica, cannot. In this study, we used proteomics 19 together with physiological characterization to understand key metabolic processes influenced 20 and regulated by thiamine availability and identified the genetic basis of thiamine auxotrophy in 21 Y. lipolytica. Specifically, we found thiamine depletion results in decreased protein abundance 22 of the lipid biosynthesis pathways and energy metabolism (i.e., ATP synthase), attributing to the 23 negligible growth and poor sugar assimilation observed in our study. Using comparative 24 genomics, we identified the missing gene scTHI13, encoding the 4-amino-5-hydroxymethyl-2-25 methylpyrimidine phosphate synthase for the de novo thiamine synthesis in Y. lipolytica, and 26 discovered an exceptional promoter, P3, that exhibits strong activation or tight repression by low 27 and high thiamine concentrations, respectively. Capitalizing on the strength of our thiamine-28 regulated promoter (P3) to express the missing gene, we engineered the first thiamine-29 prototrophic Y. lipolytica reported to date. By comparing this engineered strain to the wildtype, 30 we unveiled the tight relationship linking thiamine availability to lipid biosynthesis and 31 demonstrated enhanced lipid production with thiamine supplementation in the engineered 32 thiamine-prototrophic Y. lipolytica. 33 34 IMPORTANCE 35
INTRODUCTION
upregulated in media lacking thiamine except for dihydrolipoamide dehydrogenase (E3), which 139 serves as a subunit for BCKDC, PDH and KGDH ( Supplementary Table S1 ). 140 We then mapped the 535 upregulated-and 515 downregulated proteins to their 141 respective KEGG pathways ( Figure 3C ). Thiamine deficiency resulted in downregulation of 142 proteins involved in nucleic acid metabolism (i.e., pyrimidine and purine metabolism) and genetic 143 processes (i.e., ribosome and DNA replication). Without thiamine, cells also exhibited decreased 144 protein abundance in lipid metabolism which includes the synthesis of terpenoids, steroids and 145 glycerophospholipids. In contrast, thiamine deficiency resulted in upregulation of proteins 146 contained in carbohydrate (i.e., glycolysis and citrate cycle), tetrapyrrole, biotin, aromatic (i.e., 147 tryptophan, phenylalanine), branched chain (i.e., leucine, isoleucine, valine), and other amino 148 acid (i.e., glycine, serine, threonine) metabolic pathways. Thiamine deficiency also affected 149 proteins associated with the electron transport chain (ETC), amino acid (i.e., arginine, proline, 150 glutamate, glutamine, methionine, cysteine) biosynthesis and thiamine metabolic pathways. 151 A closer look at proteins involved in the ETC and thiamine metabolism revealed 152 interesting features. First, thiamine-deficient cells exhibited increased protein abundances for all 153 four complexes of the ETC but decreased protein abundance for ATP synthase that is important 154 for ATP generation ( Figure 3D ). The phenomenon correlates with the stalled assimilation of 155 glucose that is ATP-dependent when cells grow in the absence of thiamine. Second, all but one 156 of the proteins in thiamine metabolism were differentially regulated between thiamine-sufficient The only detected protein in thiamine metabolism that was not differentially translated was 161 thiamine kinase (Thi90p), which is responsible for the conversion of thiamine into its activated 162 diphosphate form, TPP. Taken together, thiamine concentration influences regulation of 163 thiamine metabolism, whereby thiamine deficiency severely affects central carbon metabolism 164 and elicits increased protein abundance for most carbohydrate, amino acid and energy pathways 165 but decreased protein abundance for lipid metabolism, nucleotide metabolism and specifically, 166 ATP synthase.
167
Restoring thiamine prototrophy in Y. lipolytica 168 Thiamine metabolism in Y. lipolytica is incomplete. Next, we investigated the native 169 thiamine metabolism of Y. lipolytica to elucidate underlying genetic deficiency causing thiamine-170 auxotrophic behavior. We compared the thiamine biosynthesis pathways between the well-171 characterized thiamine-prototrophic Saccharomyces cerevisiae and our thiamine-auxotrophic Y. 172 lipolytica. Between the two organisms, only one missing gene was identified (scTHI13), encoding 173 4-amino-5-hydroxymethyl-2-methylpyrimidine phosphate synthase that converts histidine and 174 pyrodixine into hydroxymethylpyrimidine pyrophosphate (HMP-PP), which is likely required for 175 the de novo thiamine synthesis in Y. lipolytica ( Figure 3E ). Figure S1 ). Additionally, cell growth was highly deviated between replicates for 182 both times when this experiment was conducted (Supplementary Figure S1 ). Though the results 183 were somewhat promising, we endeavored to engineer a true thiamine-prototrophic Y. lipolytica. 185 promoter. We hypothesized that expression of scTHI13 was weak since the constitutive TEF 186 promoter (35, 36) is dependent on cell growth (37, 38) and thiamine deficiency prevents cell 187 growth. To this end, we aimed to find a promoter responsive to thiamine deficiency. Through 188 BlastP and orthology analysis using the well-studied thiamine-regulated genes from Pichia 189 pastoris, Saccharomyces cerevisiae and Schizosaccharomyces pombe, we identified three 190 candidate genes that are putatively regulated by thiamine in Y. lipolytica ( Supplementary Table   191 S2). The P1 gene (YALI0E04224g) encodes a putative thiaminase that might exhibit To determine if these promoters (i.e., P1, P2, and P3) are thiamine-regulated, real-time 201 PCR was conducted to quantify mRNA levels of P1, P2, and P3 genes from YlSR001 grown in low 202 (0.5 µg/L) and high (500 µg/L) concentrations of thiamine ( Figure 4A ). The expression levels of P1 203 and P3 genes were activated in low thiamine but inactivated in high thiamine. Remarkably, P3 204 exhibited substantially increased expression relative to P1 by 7.60 ± 1.51-fold in low thiamine. 205 We did not observe transcriptional expression of P2 in low or high thiamine concentrations. 206 We next investigated plasmid expression of these 3 putative thiamine-regulated 207 promoters from the Y. lipolytica strains that harbor a humanized renilla green fluorescent protein 208 (hrGFP)-expressing gene under the control of either P1, P2, or P3 promoter (strains YlSR1002, 209 YlSR1003 and YlSR1004, respectively). For controls, we also built the native, constitutive TEF 210 promoter and the heterologous NMT1 promoter from S. pombe that has been well-studied and 211 applied as a thiamine-regulated promoter (40) . The hrGFP intensity was monitored from cells 212 grown at low (1 µg/L) and high (10 mg/L) concentrations of thiamine ( Figure 4B ). As expected, 213 both P1 and P3 promoters were activated in low thiamine and inactivated in high thiamine. 214 Under low thiamine conditions, the hrGFP intensity under promoter P3 was exceptionally higher 215 than P1 and TEF promoters by 10.04 ± 0.46-fold and 2.82 ± 0.13-fold, respectively. Not 216 surprisingly, the activity of TEF promoter was much greater in high thiamine than in low thiamine. 217 The NMT1 promoter, however, showed no activity in low thiamine and limited activity in high 218 thiamine. 219 We further investigated the sensitivity of the P3 promoter over a range of low thiamine 220 concentrations (0.5-50 µg/L) ( Figure 4C ). Encouragingly, the P3 promoter exhibited tight 221 regulation across all incremental thiamine concentrations. Of note, the activity of the P3 222 promoter was not affected by cell growth ( Figure 4D ). Taken together, these data indicate that Thiamine prototrophy is restored with thiamine regulated promoter. To restore the de 226 novo thiamine synthesis in Y. lipolytica, we constructed the vector pSR075 to express the missing 227 thiamine gene, scTHI13, with the thiamine-responsive promoter, P3 (i.e., YlSR1006). Remarkably, Figure S1 ). 304 Surprisingly, thiamine prototroph was restored by overexpressing 1 single gene, absent 305 from the native metabolism of Y. lipolytica, for the de novo synthesis of thiamine ( Figure 3E , 306 Supplementary Figure S1 ). This begs the question, why does Y. lipolytica lack this gene? We 307 hypothesize that most Y. lipolytica strains are isolated from thiamine-rich sources (e.g., sausage, 308 oats, plants) (52) while most popular yeasts, including S. cerevisiae, are isolated from sugar-rich 309 sources (e.g., fruits, molasses, sugarcane) (52). Remarkably, we observed enhanced lipid 310 production by thiamine supplementation in both thiamine-auxotrophic and prototrophic strains, 311 suggesting a relationship between lipid production and thiamine availability ( Figure 6A, 6B ). This relationship shows promise for industrial applications of neutral lipid production and establishes 313 a novel direction for increasing lipid production in Y. lipolytica. 314 
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Constitutive expression of the missing thiamine gene does not effectively restore
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Bioinformatics of thiamine-responsive genes reveals highly regulated thiamine
315
MATERIALS AND METHODS
316
Plasmids and strains 317 The list of plasmids and strains used in this study is available in Supplementary Table S3 . Table S3 ).
The plasmid pSR074 was constructed by assembly of (i) THI13sce, amplified using the 334 primers THI13 sce _Fwd 1 /THI13 sce _Rev from the genomic DNA of S. cerevisiae and (ii) pSR008 335 backbone, amplified using the primers pSR008_Fwd/pSR008_Rev. The plasmid pSR075 was 336 constructed by replacing the hrGFP gene with the THI13sce gene from pSR073. The THI13sce 337 gene was amplified by using the primers THI13 sce _Fwd 2 /THI13 sce _Rev from the genomic DNA of 338 S. cerevisiae and assembled with the P P3 promoter carrying backbone, amplified by using the 339 primers pSR008_Fwd/pSR073_Rev. 340 The Y. lipolytica ATCC MYA-2613, obtained from ATCC strain collection, was used as a 341 parent strain. YlSR101, YlSR109, YlSR1001 and-YlSR1006 ( Supplementary Table S3 ) strains were Supplementary Table S4 . (Figure 2A ). Next, cells were washed 364 once with water and resuspended in 100mL of MpA lacking thiamine for 1 day to eliminate 365 thiamine carry-over (Figure 2A ). Finally, cells were washed twice with water before Supplementary  Table S4 . The gene expression level was investigated after normalizing by the actin house-keeping 
